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Intramolecular photoinduced charge separation and recombination processes in a egtitydelOmolecule
(Ret-Gyg) have been investigated in various solvents by time-resolved absorption and fluorescence techniques.
Upon laser excitation of the ggmoiety in nonpolar toluene, the intersystem crossing proceeded from the
excited singlet state of thesemoiety (RetlCqo*) to the excited triplet state (REE¢¢*), followed by energy
transfer yielding the excited triplet state of the retinyl-moi€fpet*-Cso) without charge separation. On the
other hand, in polar solvents suchM#\-dimethylformamide and benzonitrile, the charge separation occurred
from Ret!Cqo* at rate on the order of 20s1. The quantum yield was close to unity in these polar solvents.
Most parts of the ion pair (REtCer~) changed to RetCqs* and 3Ret*-Cgo by the charge recombination
which took place at rate on the order of?X0. However, some parts of the charge-separated state were kept
in microsecond time-region: The lifetimes of Re€Cer~ were 16us and 19us in DMF and benzonitrile,
respectively, which were as long as those of B&* and *Ret*-Cq, suggesting an equilibrium between the
charge-separated state and the excited triplet states.

Introduction

Intramolecular photoinduced energy and/or electron-transfer
processes in donefacceptor linked molecules have attracted
considerable interests in the studies of the light-energy conver-
sion system. Recently, fullerene-donor dyads have been studied
by several groups due to their unique photophysical and
photochemical propertiés® Since Go has a low reduction
potential 0.51 V vs SCE, in benzonitrilé)jt acts as a good

electron acceptor in the dyads. Various fullerene-donor dyads @&vv ~Aon

have been synthesized. As for donors of the dyad molecules,

amine compoundagarotenoid, porphyrin? ferrocené, tetrathia- all-trans-retinol

fulvalene® oligothiophen€, and so of have been employed. NMPCygg

The lifetimes of the charge-separated states were usually as shorfigure 1. Molecular structures of Retss; NMPGCgo, and all-trans
as a few nanoseconds? retinol.

Clarifications of the roles of retinyl polyenes in the visual . . .
and photosynthetic systems have been one of the importanteXpeCted that retinyl polyene is one of the candidates for the
research subjects in the spectroscopic and photochemicadonor of the dyad. _ _ _
studiesl® Nowadays, various retinyl polyenes with reactive _ !N the present study, we have investigated the photoinduced
functional groups are commercially available. Thus, these are CS process in a covalently linked retinyk{2lyad (Figure 1)
useful reagents to synthesize new compounds. Furthermore, irPY the transient absorption spectroscopy. In addition, we took
the view of transient absorption spectroscopy, the intense andthe tlme-resol_ved fluorescence measurements. Upon excitation
sharp absorption band of the radical cation of retinyl polyene ©f the Go-moiety, the CS process occurred from the excited
is a good spectral probe in the visible regidfln the mixture ~ Singlet state of the é&-moiety in polar solvents. About two-
system of Goand retinol, it has been confirmed that the electron- thirds of the ion pair decayed within a few nanoseconds,
transfer took place via the excited triplet state gf (3Ceg*) as howeve_r, the remaining one-third was kept in the m|crosecc_)nd
well as the energy transfékIn the case of-carotene, which time region. An equilibrium between the CS state and t_he excited
has a similar polyene backbone to retinyl compounds, it has trlp[et states was proposed for the CS state in the microsecond
been employed as the donor moiety of the dyads frequently. €9i0n.
The photoinduced charge separation (CS) processes of caro- ) .
tenoid-Gy dyad have been investigatéh this dyad molecule, ~ EXPerimental Section
the quantum yield of the CS process via the singlet-excitgd C Materials. Cgo was obtained from Term USA (purity
moiety (Csg*) was close to unity. From these results, it is 99.9%). Other chemicals and solvents were of best grade
commercially available.
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Retinyl-Linked Fullerene (Ret-Cgg).1¢ A mixture of N-
methylglycine (62.1 mg, 0.67 mmoBJI-transretinal (10.0 mg,
0.035 mmol), and ¢ (40.8 mg, 0.054 mmol) in toluene (35
mL) was refluxed under a nitrogen atmosphere in the dark for
2 h; then the solvent was evaporated under vacuum. The reaction

— Ret-Cyy
---= NMPCyg,
retinol
-=- @ linear combination of
NMPCy, and retinol

Absorbance

mixture was purified by column chromatography (silica gel, ! x12
benzeneai-hexane= 20:1). Recrystallization from benzene- 90 400 500 600 700 800
MeOH gave Ret-g as brown solid (27.7 mg, 0.027 mmol, Wavelength / nm

77'1%)'1H NMR (400 MHz, CDC}) 6 1.00 (s, 6H,—CHb), Figure 2. Absorption spectra of Retdg NMPGCq, all-trans retinol,
1.47 (t, 2H, —=CH,—), 1.56 (m, 2H,—CH,—), 1.69 (s, 3H, and a linear combination of the spectra of NMp&hdall-transretinol
—CHj3), 1.96 (s, 3H—CHs), 2.00 (t, 2H,—CH,-), 2.15 (s, 3H, in DMF (path length; 1 cm).

—CHj), 2.85 (s, 3H, N-CHy), 4.15 (d, 1H, pyrrolidine-H), 4.86

(m, 2H, pyrrolidine-H), 6.02 (d, 1H,=CH-), 6.13 (m, 3H,
=CH-), 6.56 (m, 2H,=CH-); 13C NMR (100 MHz, CDC})
012.84,14.12, 19.23, 21.74, 28.95, 33.04, 34.23, 39.56, 40.25,
69.71, 69.79, 76.56, 77.56, 125.83, 127.16, 129.44, 129.78,
129.83, 135.74, 136.09, 136.97, 137.62, 137.83, 140.13, 140.77,
142.06, 142.11, 142.19, 142.59, 142.68, 143.13, 144.41, 144.67, L N

145.33, 145.42, 145.46, 145.53, 145.85, 145.96, 146.20, 146.34, =% - — )
147.11, 147.30, 147.32, 153.64, 154.15, 156.12, 157.23; MALDI- 650 700 Wav;gggm /n:qoo 850
TOF-MSmM/z1030.89 (M*); Redox potentials of Ret#gwere

_ o— ; Figure 3. Fluorescence spectra of (a) Relz(©.07 mM), (b) NMPGo
I?)égni %iErRilgﬁ /Ret) and—0.55 V (Gso/Ces™) Vs Ag/AgCl in (0.11 mM) in toluene, and (c) Rets6(0.06 mM) in DMF; excitation

) . . at 410 nm. Inset: Fluorescence-time profiles around 720 nm of Ret-
Apparatus. The plcosecon.d laser ﬂa§h photolysis was carried cqin (d) toluene and (e) DMF. Solid lines show fitted curves. Hatched
out using a second harmonic generation (SHG, 532 nm) of an part indicates laser profile.

active/passive mode-locked Nd:YAG laser (Continuum, PY61C-

10, 35 ps fwhm) as an excitation source. The excitation laser Results and Discussion

pulse was depolarized. A streak camera (Hamamatsu Photonics, Steady-State Absorption Spectra.Figure 2 shows an
C2830) was employed as a detector in the measurements Ofabsorption spectrum of Rets€in N,N-dimethylformamide

the transient absorption spectra up to 5 ns. The breakdown Of(DMF) as well as those of NMP4 all-transretinol and a linear

Xe gas was used as a probe light of the streak camera systen{ s mpination of NMPG and retinol. The absorption band of
as described previousty? For the measurements of the transient 4, dyad around 332 nm is shifted to a longer wavelength and
absorption spectra in the visible and near-IR regions, the pump  ecomes broad relative to that of the linear combination of
probe system with a dual MOS detector (Hamamatsu Photonics, i, and retinol. These small spectral changes indicate weak
C6140) was applied. The time resolution of the present systeMjneractions between the components of the dyad. In the present

f,7b, . . .
was ca. 35 psiThe . . __laser photolysis studies, the 532- or 355-nm laser light was
Nanosecond transient absorption measurements were carrie mployed as the excitation source. The 532-nm laser light

out using SHG (532 nm) or third harmonic generation (THG, ; ; ;

i ; predominantly excites theggmoiety of the dyad. On the other
355 nm) of a Nd:YAG laser (Sp_ect_ra-Physu:s, Quanta-Ray hand, the 355-nm laser light is absorbed by the retinyl- and
GCR-130, 6 ns fwhm) as an excitation source. For transient Ceo-moieties at the ratio of ca. 50:50

absorption spectra in the near-IR region (6200 nm),

monitoring light from a pulsed Xe-lamp was detected with a
. o ) rescence spectra of RetfCand NMPGo. In toluene, the
Ge-APD detector_. For spectra in the V|5|ple region (40000 fluorescence spectrum-a resulting from thg-@oiety of Ret-
nm), a photomultlpller ora S.”DIN photoqllode was used as a Cso, Is quite similar with the spectrum-b of NMRB& Quantita-
detec;or. D_etalls of th_e transient absorption measurements WelGive analyses on the fluorescence properties were carried out
geel? crllbedllnc?nur p;i\él%uesagﬁeﬁiﬂd%gl tT)e ES{?} pleAsrl?h?Oquarl]rttzhe based on the lifetime measurements. From the fluorescence-
(1 x ) w y bubbiing ug decay profile of Ret-gy around 720 nm (time profile-d in inset

SOlu“O". for 10 min. of Figure 3), the fluorescence lifetimes] of the excited singlet
The time-resolved fluorescence spectra were measured by &tate of the Grmoiety (RetiCeg*) in nonpolar toluene was

single-photon counting method using a SHG (410 nm) of a estimated to be 1.3 ns, which is the same as NMPG = 1.3
g;s;pphr::je Iai,:er E(Spectra-ﬁh%5|§,thu;ﬁn:|§950él_4§32,31.5 IC’Sns).lz The finding excludes the possibility of energy transfer
) and a streakscope (Hamamatsu Photonics, A from RetdCqg* to the excited singlet state of the retinyl-moiety

i i 7b,
equipped with a polychromatéf!>< (*Ret*-Cqp), which is reasonable because the singlet energy of

S_teady-state absorption spectra in the visible and near-IR he retinyl group (3.33 eV} is higher than that of & (1.74
regions were measured on a spectrophotometer (Jasco V57 V)14 Therefore, it can be concluded that the intersystem

DS). Steady-state fluorescence spectra were measured on %rossing from RetCeg* to the excited triplet state of thees

spectrofluorophotometer (Shimadzu RF-5300 PC). oty (RefCa* di | vent 1
IH and!3C NMR spectra were recorded on a JEOL Lambda moiety (RetCeq) occurred in nonpolar solvent (eq 1).

Fluores. int.

0.0 0.2 04 06 08 1.0
Time / ns

Intensity

Steady-State Fluorescence Spectré&igure 3 shows fluo-

400 spectrometer. Time-of-light mass spectrum was measured tw (532 nm) 1 Ksc 3
on a MALDI-TOF-MS instrument (Bruker REFLEX III-T) Ret-Goo i monporar saven. Rt Ceo™ — Ret-Ceg" (1)

using a-cyano-4-hydroxycinnamic acid as a matrix. Cyclic

voltammetry was carried out using a potentiostat (Hokuto In DMF, the fluorescence band resulting from theg-@oiety
Denko, HAB-151) in a conventional three-electrode cell equipped was completely quenched in the steady-state measurement
with Pt working and counter electrodes and an Ag/AgCl (spectrum-c). The fluorescence decay profile in DMF (time
reference electrode at room temperature. profile-e in inset of Figure 3) can be analyzed by two decay
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TABLE 1: Free Energy Changes for Charge Separation { AGcs), Fluorescence Lifetimes £¢), Singlet Quenching RatesK;5),
Quantum Yields for Charge Separation @cs), and Rates of First Charge Recombination Stepkcs') of Ret-Cq in Various
Solvents

compound solvent €sol’ —AGcdeVe Tels kS/st Dcs ker'/std

Ret-Gso DMF 36.71 0.30 7.3« 107! 1.3x 10% 0.94 6.8x 10°
BN 25.2 0.29 8.1x 107 1.2x 10% 0.94 2.6x 10°
THF 7.58 0.19 9.8« 107! 9.4x 10 0.92 3.1x 10°
ANS 4.38 0.10 6.3 10710 9.0x 10® 0.54 2.2x 10°
Tol 2.38 —0.11 1.3x 107° —e - -

NMP Ceof Bz 2.28 - 1.3x 10° - - -

2 DMF, N,N-dimethylformamide; BN, benzonitrile; THF, tetrahydrofuran; ANS, anisole; Tol, toluene; Bz, berizbata from ref 13° —AGcs
= AEg—o — (—AGcr), ~AGcr = Eox — Ereq + AGs, AGs = €/(4req)[(L/(2RN)+1/(2R7) — 1/Ro)(Lle)) — (1/(2RM) + 1/(2R7))(1le)], where AEos—o
is energy of the 80 transition of Go, Eox and E.eq are first oxidation potential of the donor and the first reduction potential of the acceptor in
benzonitrile, respectivelyR* and R~ are radii of the ion radicals of retinyl (8.2 A) and¢d4.7 A), respectivelyRc. is center-to-center distance
between the two moieties (11.4 A); and ¢ are static dielectric constants of solvents used for the rate measurements and the redox potential
measurement$.The kes value was estimated by applying first-order decay function to the quick decay of therRaety, which was observed
in the picosecond laser flash photolysiThe CS process was not observeData from ref 12.

50 ps L A 10 ps
=k N T e
gl G - e e
QMM N s | 30ps
§ Ei. . L L "'\&.‘.'."""“ § :/\\\ov-w\—’“ Vosany, —
8 51ns ST
8 [ o £ . ' . ' :
4 & 2t 110 ps
R ‘i\.ﬂ 7P el
L b4 TV . .
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avelength / nm
Figure 4. Picosecond transient absorption spectra of Rgt(@.20
mM) in toluene at 50 ps and 5.1 ns after 532-nm laser irradiation. wg'g B
20.
. : : So1 ,
components; a slow-decaying part is a minor component (ca. 0.0 e e D
20%), compared with a fast-decaying component (ca. 80%). 0 100 200 300 400 500

. . Time / ps
Although such decay with two components was observed in Figure 5. (A) Picosecond transient absorption spectra of Rg{{C34

DMF, benzonitrile, and tetrahydrofuran (THF), one component M) in DMF at 10, 30, and 110 ps after 532-nm laser irradiation. (8)
decay was observed in less polar solvents such as anisole an@\psorption-time profile at 610 nm.

toluene. From the time-resolved fluorescence spectra, both )

components can be attributed to the fluorescence from ghe C without the CS process in _nonpolar toluene, as expected from
moiety. Lifetimes of the initial main component are summarized the steady-state and the time-resolved fluorescence measure-
in Table 1. The data shows that the fluorescence lifetimes of Ments. Since the 532-nm laser light predominantly excites the
Ret?Cqg* become shorter with increasing solvent polarity. Thus, Cermoiety of the dyadiRet*-Ceo is considered to be generated

a new quenching pathway, including the CS process in the dyad,PY €nergy transfer from RECe*, which is reasonable process
participates in the deactivation process of K&ig* in these because the triplet energy level of retinyl polyene is lower than

polar solvents. Quenching rates of the singlet stk{® (vere Ceo 112 . . .

estimated as summarized in Table 1 from the relatigh= As for Ret-G in DMF, transient absorption bands were
()1 — (v0)~L, wherero is the fluorescence lifetime of NMRE observed around 610 and 900 nm immediately after the laser
in benzene. irradiation (Figure 5A). These bands can be attributed to the

As for the slow-decaying component, contribution of the radical cation of the retinyl-moiety (Rej.112An absorption
charge recombination (CR) or other pathway is expected asPand resulting from the radical anion of thes@oiety (Go'™),

mentioned in the next section. which would be anticipated to appear around 1000'Asgems
Picosecond Laser Flash Photolysido obtain more detailed 0 overlap with the absorption band resulting from theRet
information on the photoinduced processes of i, moiety around 900 nm. These findings indicate that R€y~

transient absorption spectra in the picosecond region werelS formed by the CS process from Relsg* (eq 2). Similar CS
measured. Figure 4 shows transient absorption spectra of RetProcess was also observed in benzonitrile and THF.

Ceo in toluene obtained by the 532-nm laser light irradiation hw (532 nm) L Kes . B

which excites the g-moiety. The broad absorption band around Ret-Qom Ret-"Cgy* e Ret"-Cgy, (2

900 nm, which appeared immediately after the laser irradiation,

is attributed to the absorption band of R€&s* from the The CS process from Ré€so* was also confirmed by the
similarity with an $<—S; absorption band of &.1° At 5.1 ns subpicosecond laser photolysis experiments in benzonitrile (See
after the laser, absorption spectrum showed bands around 40Bupporting Information, Figure 1S); from absorpticime

and 710 nm, of which the latter is characteristic to Rejg*. 1 profile at 610 nm, the generation rate of the radical cation was

The band around 400 nm corresponds to the excited triplet stateestimated to be 1.5 10'° s71, which corresponded well with

of the retinyl-moiety fRet*-Cq0),1® which seems to overlap with  the decay rate of fluorescencel@sg*-moiety (1.2 x 100s™1).

the absorption bands of Réfgss*. The transient absorption  These findings support the CS process as eq 2. In Table 1, the
bands resulting from the CS state were not observed. Thesek;® values were estimated from the time-resolved fluorescence
findings indicate that the intersystem crossing process occurredmeasurements. As mentioned in above section kgzevalue
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TABLE 2: Free Energy Changes for Charge Recombination
(—AGcRr), Rates for Second Charge Recombination Step
(kcr"), Lifetimes of Radical-lon Pair (rjp"2), and Triplet

']

€ 006 1 [aagaee— Decay Rates K1(Cso) and kr(Ret)) of Ret-Cgq in Various

5 L Solvents

£ 0.04 Time /s :

< YN intramolecular
0.02 solvent  eWw ker'/s™t 7p"¥s  kp(Ceo)/s! kr(Ret)/s?t
0.00 L e DMF 1.44 6.2x 10 1.6x 10% 55x 10 1.4x 10¢

400 600 800 1000 1200 BN 145 5.4x 10°¢ 1.9x 105 4.8x 10 6.1x 10°¢
Wavelength / nm Tol 1.85 —¢ —d 1.0x 10F 1.8x 10°

Figure 6. Nanosecond transient absorption spectra of Ret@C05
mM) in toluene at 100 ns®) and 1.0us (O) after 532 nm-laser
irradiation. Inset: Absorptiontime profiles at (a) 430 nm and (b) 710
nm.

a Abbreviation for solvents: See caption of Table®The AGcr
values were estimated by the relation referred in the caption of Table
1. ¢ The intramoleculakcr', kr(Cso), andkr(Ret) values were evaluated
from the intercepts of the pseudo-first-order plots (Figure 8B). Each
experimental value contains estimation erro#df0%. @ The CS process

(=kg°) increased with increasing solvent polarity (Table 1). The was not observed.

guantum yield for CS®cg) can be calculated from the relation,
Dcs = ked(kes + ko) = ((tF) ™t — (o) H/((ze) 1), whereky is

the fluorescence decay rate of NMBCAIlthough the ®cs
values can be also obtained from the fluorescence intensity, we
employed the value estimated from the fluorescence lifetime
measurements in the present study, since comparison of
fluorescence intensity does not give reliable values due to the
fluorescence decay with two-components of tg@oiety. The
dcsvalues are also increased with an increase of solvent polarity
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as summarized in Table 1. The estimatbds values are as
high as 0.94 in DMF and benzonitrile. Tlde:s values close to

unity indicate the efficient CS process of the dyad molecule

with short donor-acceptor linkage in polar solvents. Thes

. L
800 1000
Wavelength / nm

Figure 7. Nanosecond transient absorption spectra of Rgt(@21
mM) in DMF at 100 ns @) and 1.0us (O) after 532 nm-laser
irradiation. Inset: Absorptiontime profiles at 610 nm in (a) the absence

—
400 600

values close to unity have been reported for various dyads and (b) presence of oxygen.

including fullerene such as zincporphyrirg@&nd carotenoid-
Ce0,278 indicating high potential for application in light-
harvesting system or solar cell.

As show in the time profile of Figure 5B, the concentration

clearly observed at 710 and 430 nm, respectively. This finding
indicates that energy transfer occurred from a part of®Rgg*
to 3Ret*-Cq after the intersystem crossing from Rélse* to

of the generated radical ions reached a maximum at ca. 30 psRet$Cso* as shown by the picosecond laser photolysis. The
after the laser irradiation, and then it decreased quickly until decay rate constants of R&Es* (kr(Csg)) and SRet*-Cgo
200 ps down to ca. one-third. However, the absorption of the (kr(Ret)) were estimated as summarized in Table 2. The
Ret*™-moiety did not decrease completely; ca. one-third of the kr(Cso) value (1.0x 1P s is slightly faster than the triplet

Ret*-moiety remained at 500 ps. As shown in the latter section,

decay rate constant of NMREIin benzene (4.1x 10* s71).12

this remaining part was also observed in the microsecond timeIn toluene, relative quantum yields of triplet generation were
region. The quick decay of the absorption bands of the radical- evaluated from the maximal concentrations; for Reis*,
ion pair can be attributed to the CR process in the dyad. By ®e(3Cec*) = [3Cso*]/{[3Cs0*] + [°Ret*]} = 0.71 and for

applying the first-order decay function to the quick-decay part,

the rate for CR KcR'), in which suffix | refers to the first CR
step, was estimated to be 6<810° s~ in DMF. Thekcrg' values

SRet*-Coo, PreiPRet*) = [3Ret*]/{[3Csc*] + [3Ret*]} = 0.29.
As for Ret-Go in DMF, the picosecond-laser photolysis
revealed that the photoinduced CS process occurred via Ret-

estimated for the other reaction media are listed in Table 1, !Cso*, and then the absorption of RéiCer~ decreased.

which increased with an increase in the solvent polarity, i.e.,

dielectric constantetoy).
The CR process seems to regenerate'Rgi, partly which

However, the absorption band of the Retnoiety still remained
partly at 500 ps after laser pulse (Figure 5(B)). The long-lived
Ret*-moiety was confirmed by the nanosecond laser photolysis

may be observed as a slow-decaying part of the fluorescencedn DMF. In Figure 7, three transient-absorption bands were

time profile (time profile-e in inset of Figure 3). Regeneration

observed at 430, 610, and 710 nm. The absorption bands at

of the 1Csg*-moiety by CR of the charge-separated state is also 710 and 430 nm correspond to R€lss* and 3Ret*-Cg,

reported for zincporphyrin-§ dyad? In fluorescence decay

respectively, and the absorption band at 610 nm can be attributed

profiles, the slow-decaying parts become minor as solvent to the Ret™-moiety. A weak absorption band was also observed
polarity increases. This finding accords with the fact that the around 980 nm, which can be attributed to another absorption
CS state becomes more stable in more polar solvent. That is,band of the Ret- moiety overlapping with the absorption of

the energy barrier from the CS state to R@¢s* increases in
polar solvents.
Nanosecond Laser Flash Photolysig-rom the results of

the G -moiety. Ret?Csg* and 3Ret*-Cgo may be generated
by the first CR step of Ret-Ceg', because the quantum yield
for CS from RetlCqsg* is almost unity in DMF. From the relative

the picosecond laser photolysis in nonpolar solvent, the deac-actinometry method usingC;¢* as an internal standard (for

tivation process of Ret€sg* was attributed to the intersystem
crossing to Re#Cq¢*. To confirm the processes in longer time

8C7¢*, € = 6500 M1 cm at 980 nm andbjsc = 0.9+ 0.15)7
and reported extinction coefficients of the excited triplet states

scale, transient absorption measurements were carried out byof NMPCs (¢ = 16 100 Mt cm™1)!2 and retinol ¢ = 57 500
the nanosecond laser photolysis using the 532-nm laser irradia™M~* cm™1),10 the quantum yields of Réts0* formation and

tion. Figure 6 shows transient absorption spectra of RgirC
toluene. Two absorption bands of R€lso* and SRet*-Cgso were

SRet*-Cgo formation were estimated to be 0.660.15 and 0.10
+ 0.15, respectively. These findings indicate that the first CR
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TABLE 3: Lifetimes of Radical-lon Pair ( zp""2) of Various

8 A " 0.10F
< 0.10f So0s -kb . Dyads
Lo L L
2 0.05) I ) donor-acceptor solvent 7P reference
. Time / ps
b 0.00 phytochlorin-Cgo BN 7.0x 10°% 49
) 0 10 20 30 40 carotenoid-Cgo CS 5.3x 10710 3
Time / us porphyrin (H)—Cso BN 45x 108 4j
- B BBA—Ceo BN 2.2x 1077 2f
ol r b porphyrin (Zn)-Ceso BN 5.8x 1077 4
Z gl . tetrathiophene Cqo BN 6.3x 1076 7b
2 ¥ a4 4 retinyl—Ceo BN 2.0x 10°° this study
= 0 L L L )
000 005 010 015 020 occurred from Re#Cgo* and 3Ret*-Cqo to Ret-Gyin the ground

[Ret-Cyol / MM

Figure 8. (A) Absorption—time profiles of Ret-G (0.18 mM) in
benzonitrile at (a) 610 nm, (b) 710 nm and (c) 430 nm. Inset:  Retr3c,,” + Ret—Cq intermolecular

state (eq 3), as reported for the tetrathiafulvalepgdyad®

Absorption-time profiles for long time scale. (B) Pseudo- first-order . }M—Oﬁg@ﬂ,ket'*—cm + Ret-Cqy™  (3)
plots for (a) fast-decaying component of ReCspe~ and (b) RefCeo* *Ret’~Cep + Ret-Co e

in benzonitrile.
As a result of the intermolecular electron transfer, the radical

] ) o ions also showed long lifetime. From these findings, the fast-
step of Ret™-Ceg'~ generates the excited triplet states in high anq slow-decaying components of the Retoiety can be
yields. That is, deactivation from RetCog™ to the ground state  attributed to the intra- and intermolecular CR processes,
is minor process in the first CR step. Thi(*Cec*) and respectively.

Dre(*Ret*) values, immediately after laser pulse, were calculated  The intermolecular electron-transfer rate constakggne’-

to be 0.87 and 0.13, respectively. T, (*Csc*) value in polar (via 3Ceg*) and kei™e(via 3Ret*), were evaluated to be 50
solvent is higher than that in nonpolar solvent, which suggests 18 \-1 51 and 4.4x 108 M~! s1, respectively, from the
that Ret®Ce* was generated efficiently from the first CR  gjopes of the pseudo-first-order plots. It is noteworthy that the
process in polar solvent. On the other hand, the absorption decayjtetime of the radical ions generated by eq 3 was as long as
of Ret*-Cqg~ observed in the nanosecond experiment can be 119 s, when dyad concentration is 0.13 mM.

attributed to the second CR step, which obeyed first-order  as for the intramolecular CR process, thex! value was
kinetics. This second CR step deactivates to the ground statejngependent of the dyad concentration as shown in Figure 8B,
of the dyad. The rate constant of the second CR stef'Y  from which the intrinsic rate constants for the intramolecular
was estimated to be 62 10* s™1, which corresponds to 1s processes such akcr', kr(Cso) and kr(Ret) values were

of the radical-ion pair lifetime. This value is much longer than eyajyated as the intercepts (Table 2). The lifetime of the
the other donor-fullerene dyad molecufe$,as discussed in  jntramolecular ion pairfp"?) was calculated to be 18s in

the next section. Furthermore, tker" value did not show the  henzonitrile from the reciprocitq! value. In DMF, therjpa
dependence on the laser power and the concentration of theyaiye was similarly evaluated to be 16&. In Table 3, the

dya‘?'- o ) lifetimes of the ion pairs in some dyads including thg-@oiety
Itis worth mentioning that the absorption band of the'Ret  4re summarize@:® the reported values vary with the donor from
moiety was quenched as well as those of R and 3Ret*- Tip" = 70 ps (phytochlorin-gy) to 7,p""a = 6.3 us (tetrathio-

Ceo in the presence of £Xtime profile-b in inset of Figure 7). phene-Gg). Comparing with these reported values, the Rgj-C
However, in the mixture system of NMRgand retinol, the dyad shows the longests"? value in the donor-§ dyad
absorption of the radical cation of retinol was not quenched by gystems.

O,, as shown in the later section. Furthermore, the electron- Temperature Effect. To estimate the energy barrier for the

transfer rate of the radical anion of pristinge@ith O, was second CR step experimentally, ! values of Ret-g, were
reported to be as slow as 3:7 10 M~* s~*.1° Therefore, @ measured as a function of temperature in DMF and benzonitrile.
sensitivity of the radical ion in the present dyad suggests that For benzonitrile, the fast-decaying component in the micro-
the precursor of the radical-ion pair was quenched ByTus,  second time scale was adopted for the analysis, since the slow-
it is presumed that the long-lived radical-ion pair observed in gecaying component can be attributed to the intermolecular
ghe microsecond time scale was produced from¥®gi* and  process as discussed above. Kag' values were reduced with
Ret*-Coo, and/or that the charge-separated state was in equi-gecreasing temperature in both solvents; i.e. k¥ values in
librium with Ret*Csg* and *Ret*-Ceo. DMF were 3.5x 10P s at 307 K and 4.5¢ 10* s~ at 218 K.

In benzonitrile, although similar CS and CR processes were |, benzonitrile, thekcy! values were 8.% 10¢ s~1 at 307 K
observed, the decay of the Remoiety showed two compo-  znd 3.2x 10¢ 51 at 264 K. On the other hand, the quantum
nents clearly (Figure 8(A)). Furthermore, the slower component yie|gs for the CS process were scarcely influenced by temper-
in benzonitrile exhibited a considerable long lifetime of several Hiyre. From a semiclassical Marcus equatithe electron-
hundred microseconds, while the absorptions of Regg* and transfer rate constankd;) can be described as follows (eq 4).
SRet*-Cso decayed completely within 4@s (Figure 8A). In
DMF, slow-decaying component could not be detected, probably |”(ke|tT1/2) = In{ 27t3’2|V|2/[h(/1kB)1’2]} - AG*/(kBT) (4)
due to very weak absorbance.

Concentration Effect. The decay rate constants of R&g* In eq 4,T is absolute temperatur@y/| is the electron coupling
(kr(Ce0)) and Rett-Cqg~ (kcr'") in benzonitrile were estimated  matrix elementh is the Planck constant,is the reorganization
as a function of the dyad concentration (Figure 8B). The energy,ks is the Boltzman constant, aniG* is the Gibbs
kr(Ce0) values showed good linear correlation with the dyad activation energy in Marcus theory.
concentration. Similar concentration dependence was also Figure 9 shows modified Arrhenius pi&tP29which shows
observed for the decay rate-constants’Rét*-Cso (kr(Ret)). a linear relation between Ikfg"'T*?) values and 1. The plots
These observations suggest that intermolecular electron transfeshow no appreciable systematic deviation from the best-fit
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TABLE 4: Experimental and Theoretical Activation Energies and Reorganization Energies for Ret-Cgg
solvent? AGcr (exp) eV AGcrf(theor)/eVf Alexp)/e\P A(theor)/eVf A<(theor)/eV! [V|/cm~1b AGcsi(theor)/eVf

DMF 0.133 0.144 0.80 0.78 0.48 0.44 0.071
BN 0.159 0.212 0.77 0.70 0.40 0.32 0.060

a Abbreviation for solvents: See caption of Table?Determined experimentally from the modified Arrhenius plots (Figure 9). Estimation
errors of AGcr* and|V| values weret4 and+15%, respectivelys Determined theoretically! The Astheor) values were calculated from the relaibn,
As = El(dmeg)[(1/(2RT) + L/(2R7) — 1/IR)(1/n? — 1leg)], by employing the geometric parameters summarized in the footnote of Tables the
index of refraction.

18 0.08
& L0051 ha
16 s o 0.06} < b
e 2, a 2
= 14 A& A © 0.00
£ £ 0.04 o 2 4 &6
= A o] "
c b @ Time / us
L ‘ ; <
30 35 40 45 50 <002
10°7"/ K
. - . . : .
Figure 9. Modified Arrhenius plots (eq 4) of the temperature-dependent 090,55 600 800 1000 1200
ker'! for Ret-Gso in (@) DMF and (b) benzonitrile. Wavelength / nm

. . Figure 10. Nanosecond transient absorption spectra of Rgi{@C05
straight line. From the slope<(—~AGcr'lke), the AGer(exp) oS B %700 1 @) and Loxs (@) after Al

values in DMF and benzonitrile were estimated to be 0.13 and jiradiation. Inset: Absorptiontime profiles around (a) 610 nm and
0.16 eV, respectively. Th&(exp) values were calculated from () 710 nm.
the relation AG*= (AGg + 1)%(44) on puttingAGy = AGcr,

and the|V| values were estimated from the interceptir(- to the relation AG* = (AGy + 1)%/(44). Williams et al. reported
{2732 V|3[h(Aks)¥4}) as listed in Table 4. that theAGcs' value of dimethylaniline-g dyad is to be 0.11
The A value can be divided into an internal teri)( which eV in benzonitrile. Thus, smallexGes'(theor) of Ret-Go will

originates from the internal molecular structural differences be attributed to smallek(theor) of Ret-Gp (in benzonitrile,
between the reactant and product, and a solvent tejmnthich A(theor)= 0.70 and 1.22 eV for Retdg and dimethylaniline-

is related to the differences of the orientation and polarization Cg, respectively) due to larger size of the retinyl-moiety
of solvent molecules between the initial and final stafes @ (R = 8.2 A) than the dimethylaniline-moietRf = 3.7 A).

+ As). Here, whenl; = 0.3 eV was employed as estimated by From the comparison of the AG¢s with A(theor) values, the
Williams et al. based on the charge-transfer absorption and CS processes are assigned to the Marcus “normal region”. Then,
emission of Gy and dimethylaniliné2bthe A(theor) values were  with the increase of the solvent polarity, tkes values increase
evaluated as summarized in Table 4, by employing the geometricdue to the larger-AGcs values.

parameters listed in the footnote of Table 1. Thand estimated Effect of Excitation Wavelength. In the above sections, all
Ag(theor) values gave thé(theor) values from the relation, laser photolysis studies were carried out by the 532-nm laser
Altheor) = A4 + Aqtheor)?! Using the A(theor) and AG light, which predominantly excited thesg&moiety of the dyad.

(=AGcr) values, theAGcrf(theor) values in DMF and ben-  To learn more about the photoexcited properties of the Ret-C
zonitrile were calculated to be 0.14 and 0.21 eV, respectively. dyad, nanosecond laser photolysis experiment was carried out
These theoretical and AGcr* values are in considerably good  using the 355 nm-laser light, which excites both the retinyl-
agreement with the experimentally estimated values (Table 4).and Ggmoieties. As shown in Figure 10, the absorption band
Since the—AGcr values are larger than ththeor) values, of the Ret"-moiety around 610 nm became clear in DMF, when
the CR processes take place in the Marcus “inverted regff”.  the dyad was excited by the 355-nm light. The finding indicates
An increase of the solvent polarity reduces th&Gcr values; that CS occurred more efficiently than the CS process by the
therefore, thekcgr' value in DMF is larger than that in 532 nm-excitation. From the fluorescence lifetime measure-
benzonitrile. Interestingly, thev| values are extremely small  ments, it became clear that the rate and yield of the CS process
(0.44 and 0.32 cm' in DMF and benzonitrile, respectively) as  from Ret!Cgs* did not depend on the excitation wavelength.
compared to the reported values—(I00 cn1?).2-8 According On the other hand, th@¢(°Cqsg*) and @rei(°Ret*) values were
to the Marcus theory? the ke value is dominated by thg/| estimated to be 0.73 and 0.27, respectively, when the 355-nm
value, thel andAGy values associated with the electron-transfer laser was irradiated. Thé,¢(°Ret*) value is higher than that
process. Since the and AGy values in this study are almost by the 532-nm light irradiation®e(°Ret*) = 0.15 by the 532-
the same as the reported values for the dyad systems, the smalhm laser. This finding can be attributed to the slow CS process
|V| values may be one of the reasons for the observed slowfrom IRet*-Cy, since the CS from thiRet*-Cyis in the Marcus
ker!' values of Ret-G in polar solvents. Furthermore, the rate- “inverted region”. Actually, slow decay rate éRet*-Cgo was
limiting step of the second CR process will be the step confirmed by the fluorescence decay measurement. The highly
deactivating to the ground state from Re€sc"~, since this step populated 3Ret*-Cyp state shifts the equilibrium between
gives largerAG* in the deactivation processes of Re€Cgs ™. SRet*-Cgp and Ret™-Cgr~ to the ion pair side. Thus, the

As for the first CR process, the process is considered to be absorption intensity of the Reétmoiety is considered to be
in the Marcus “normal region”, from the comparison of the increased as observed in Figure 10.
value and free-energy change for the generation of triplet states Mixture System of NMPCgo and Retinol. To confirm the
from the CS state, which was the main deactivation process of O,-insensitivity of the radical ions, transient absorption mea-
the CS state in the picosecond region as discussed above. surements were carried out in the mixture system of NiPC

In the case of the CS process, th&cs(theor) values are  andall-transretinol. Figure 11 shows the nanosecond transient
estimated to be 0.07 and 0.06 eV in DMF and benzonitrile, absorption spectra obtained by the 532-nm laser irradiation of
respectively, by applying thgtheor) andAGy (=AGcg) values the mixture of NMPGy (0.16 mM) andall-trans-retinol (12.4
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0.15 (A) in non-polar solvent (toluene)
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Figure 11. Nanosecond transient absorption spectra of NMRC 16
mM) in the presence ddll-transretinol (12.4 mM) in DMF at 70 ns
(®) and 1.0us (©) after 532 nm laser irradiation. Inset: (A) (B) in polar solvent (DMF)
Absorption-time profiles at (@) 420 nm and (b) 700 nm. (B)
Absorption-time profiles at 600 nm in (a) the absence and (b) presence .
of oxygen. Ret=Coo

/eV W

mM) in DMF. The transient absorption band of the excited “Nes kQ‘ Ret—>Cgo _ 3, _+
1 o+ .- 3 L+ .- ———3, “Ret —Cqo
[Ret —C, 50 ] [Ret -C, 60 ] | ——

triplet state of NMPG, (3NMPCs¢*) appeared at 700 nm L <
immediately after the laser irradiation. With the decay of ker
SNMPCs0*, new absorption bands resulted from the triplet- 1=+ |ss2am
excited retinol {Retinol*) and the radical cation of retinol laser r(Cao)
(Retinot™) appeared at 420 and 600 nm, respectively. In addition ker
to these bands, two weak absorption bands were also observed Ret-Ce

around 940 and 1000 nm, which can be attributed to Retinol o

; ; o— ; 0,12

and the rad'c"?" qnlon qf NM%(NMPCGO .)’ respectively! _ Figure 12. Schematic energy diagrams for energy- and electron-transfer
From these findings, it is clear that Retinoland NMPGy processes in Retgg dyad in (A) nonpolar (toluene) and (B) polar
were generated by the intermolecular electron-transfer processsolvent (DMF). Numbers indicate energy levels in eV unit relative to
Furthermore, the generation #etinol* by the energy transfer  the ground state.

from SNMPCq¢* is also evident (eq 5). The quantum yields of

the electron and energy transfer were estimated to be 0.60 and In polar solvents, the CS process from REfo* took place
0.40, respectively. These processes are reasonable from ammmediately after the laser irradiation of thgs@noiety (Figure
energetic viewpoint, because the free energy changes of thel2B). Fast CS process can be attributed to the lower energy

0.00

1200 kr(Ceo) fer(Ret)

Ret—Cgq

Fr(Ret)

electron and energy transfer were estimated to-0e21 eV level of Ret™-Cgo*~. A small part of Ret™-Cqo*~ showed slow
and—0.07 eV, respectively. The rate constants of the electron- decay, which corresponds to 18 of lifetime in benzonitrile.
and energy-transfers were estimated to be>3.90° M1 s71 The observed long lifetime of a radical ion pair can be attributed
and 2.6x 10° M~1 s7%, respectively. Both values are smaller to the equilibrium with the triplet states, i.e., Riss* and
than those values of the mixture system of pristing &nd SRet*-Ceo. These considerations seem to be adequate, since the
retinol 112 energy levels of these triplet states locate quite closely to the
CS state, as shown in Figure 12B. Thus, the energy levels of
electron-transfer . e . . .
INMPC,,' fasc INMPC,, —tetinol [ NMPCg™+ Retinol triplet states seem to be one of the important parameters in the
(5) molecular design necessary to achieve a long lifetime of the
yhv (532nm) P CS state
NMPC, en—ergy~trallsfer NMPCyg + Retinol .

The contribution 0fNMPCeg* to both processes is negligibly ~ COnclusion

small, because the fast intersystem crossing process from In the present Ret-#g dyad, photoinduced CS occurred
INMPGCs¢* to SNMPCqg* is predominant deactivation process immediately after the laser irradiation of thes@noiety in polar
when the concentration of retinol is low<60 mM)?22 solvent, and the quantum yield of the ion pair formation was
After reaching the maximum, the absorption intensity of almost unity. After reaching a maximum &30 ps, the
Retinot™ showed decay according to second-order kinetics due absorption band of the Rétmoiety decayed as a result of the

to the back electron transfer. CR process, generating both R&p* and 3Ret*-Ce. However,

Although the absorption intensity of Retinbldecreased  the absorption of the ion radical did not decrease completely.
considerably in the presence of,@he decay rate of Retirdl The radical-ion pair was also observed in the microsecond time
was not accelerated comparing with that without @me region; the lifetime of radical-ion pair was as long asuKin

profile-b in inset figure (B) of Figure 11). This finding indicates  benzonitrile. This long lifetime of the radical-ion pair was led
that Retinot™ itself is insensitive to @ Electron transfer from by the equilibrium between the CS state and the excited triplet
NMPCso'~ to O, is also a quite slow process. states, since the energy levels of these three states locate closely
Energy Diagrams of the Dyad.Photoinduced processes of in polar solvents. This equilibrium was supported by the
the present dyad molecule in nonpolar solvent (toluene) are sensitivity of the radical ion to ©in the present dyad.
summarized in the schematic energy diagram (Figure 12A).
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